We discuss the excitation of a chiral dipolar mode in an achiral silicon nanoparticle. In particular, we make use of the electric and magnetic polarizabilities of the silicon nanoparticle to construct this chiral electromagnetic mode which is conceptually similar to the fundamental modes of 3D chiral nanostructures or molecules. We describe the chosen tailored excitation with a beam carrying neither spin nor orbital angular momentum and investigate the emission characteristics of the chiral dipolar mode in the helicity basis, consisting of parallel electric and magnetic dipole moments, phase shifted by ±π/2. We demonstrate the wavelength dependence and measure the spin and orbital angular momentum in the emission of the excited chiral mode.
I. INTRODUCTION
The recent experimental demonstrations of electromagnetic dipolar modes induced in silicon and other high-refractive index nanoparticles highlight the importance of such structures as building blocks for novel nano-photonic devices and metasurfaces [1, 2] . For example, the simultaneous and in-phase excitation of perpendicular electric and magnetic dipole momentscommonly referred to as Huygens' dipole [3] -leads to strongly directional scattering patterns, allowing for highly efficient routing and polarization multiplexing at the nanoscale [4] . Additionally, other combinations of electric and magnetic dipole moments can be achieved by providing carefully structured excitation fields [5] [6] [7] [8] [9] .
In this letter, we investigate an electromagnetic dipole moment in the helicity basis [10] . Such a σ-dipole consists of parallel electric and magnetic dipole moments of equal amplitudes and a relative phase of ±π/2, leading to a well-defined helicity of ±1 in the far field [10, 11] . Furthermore, the σ-dipole is conceptually similar to the coupled dipole moments observed for the fundamental mode of a chiral nanostructure [12] [13] [14] [15] . There, the occurence of a σ-dipole component is directly linked to the chiral geometry of the system. In our experiment, we excite the σ-dipole for the first time in an achiral nanoparticle with a tightly focused cylindrical vector beam, which is locally linearly polarized and carries neither spin nor orbital angular momentum. When tightly focused, the beam exhibits in-phase longitudinal electric and magnetic fields of equal amplitudes on the optical axis. However, because electric and magnetic polarizabilities of the particle are wavelength dependent, we obtain a superposition of phase delayed electric and magnetic longitudinal dipole moments induced in the particle, which results in the emission of light with predominately positive or negative helicity. Adapting the excitation wavelength, we maximize the helicity of the mode by balancing the dipole * peter.banzer@mpl.mpg.de; http://www.mpl.mpg.de/ moments. The excited dipolar modes not only result in a far-field emission carrying spin angular momentum, but also orbital angular momentum occurs as a result of an azimuthal phase front. We begin with a theoretical comparison of a circularly polarized dipole and σ-dipoles. Then we describe our experimental scheme including the tailored excitation of a σ-dipole and finally, we compare experimental and theoretical results and elaborate on the far-field helicity and the chirality of the excited mode.
II. CIRCULAR AND CHIRAL DIPOLAR MODES
In order to emphasize the fundamental difference between a spinning (circularly polarized) dipole and the σ-dipoles on which we will focus mainly in this study, we plot corresponding radiation patterns in Fig. 1 (a) -(f). The color-code refers to the helicity σ defined by the normalized far-field Stokes parameter S 3 = (I rhc − I lhc )/(I rhc + I lhc ) [16] , with I rhc and I lhc the intensities of the emitted right-and left-handed circularly polarized fields, respectively. In Fig. 1 (a) -(c) the dipoles are emitting in free-space, where (a) shows the circularly polarized electric dipole with p = p 0 (1, −ı, 0). Fig. 1 (b) and (c) depict two σ-dipoles with positive and negative helicities defined by a combination of p = p 0 (0, 0, ±ı) and m = m 0 (0, 0, 1). Here p and m refer to the electric and magnetic dipole moments in Cartesian coordinates with p 0 = m 0 /c 0 . For our geometry, where we only use z-oriented dipoles, the σ-dipoles can be expressed in a very compact form by using the dipole notation [17] 
with A ± the overall amplitudes of the dipoles. For the regular spinning dipole in (a), the polarization of the emitted light is anisotropic with different signs of helicity in the upper and lower half-space [18] . The average helicity is exactly zero. In contrast, for the two σ-dipoles in (b) and (c), the helicity is isotropic with an average of exactly ±1 [11] . In our experiment described below, the dipole emitter will be sitting on a dielectric interface for practical reasons. The dielectric interface near the emitter strongly alters the emission patterns (see [19] and references therein), enhancing the emission to the optically denser medium (here lower half-space with z > 0). The far-field emitted into the substrate can be calculated by using a plane-wave decomposition following ref. [20] . Using the formalism introduced in Eq. (1), for σ-dipoles it can be written as
where E f is expressed in the transverse magnetic (E p ) and transverse electric (E s ) polarization basis and 
In Fig. 1 (d) -(f) we show the far fields of the aforementioned dipoles but now positioned d = 88 nm above an air-glass interface with refractive index of the glass substrate n G = 1.53, adapted to the experiment described later. Because of the substrate, the average helicity does not reach values of ±1 (in contrast to free-space), but is typically slightly lower because of the Fresnel coefficients breaking the dual symmetry of the system [11] .
III. TAILORED EXCITATION SCHEME
Our intention is the tailored excitation and verification of σ-dipole moments inside a spherical silicon particle. For this purpose, we first design an excitation field capable of inducing electric and magnetic dipole moments, which are oriented parallel and have a phase difference of π/2. For paraxial beams this is not possible because there electric and magnetic fields are always perpendicular to each other [16] . One possible solution can be realized by tightly focusing a superposition of radially and azimuthally polarized vector beams, which exhibit purely z-polarized electric and magnetic fields on the optical axis, respectively [5, 21] . To achieve the desired relative phase between the electric and magnetic dipole moments, the inherent properties of the silicon particle can be utilized. Due to the complex electric and magnetic polarizabilities of the particle, a wavelength dependent phase shift between the fields and the resulting dipolar modes is introduced [6] . Accordingly, for our experimental implementation, we utilize a superposition of radially and azimuthally polarized beams of equal amplitudes -a so-called spiral polarization beam -and focus it tightly. In Fig. 1 (g) , left, the local polarization vector of the incoming paraxial beam before focusing is sketched with red arrows. The calculated focal field distributions of the relevant z-components are depicted on the right, with the corresponding phases plotted as insets. On the optical axis, the electric and the magnetic fields are parallel, z-polarized and in-phase. All other field components are zero on-axis. Accordingly the induced dipole moments at this position can be written as p z = α e E z and m z = α m H z , where α e and α m are complex polarizabilities, describing the excitation of the corresponding dipoles by electromagnetic fields [17] . It is important to emphasize the absence of any magnetoelectric or chiral terms in the polarizability, which describe a coupling of electric and magnetic modes. The symmetries of a spherical structure do not allow for such interaction terms, which would be present for a chiral nanostructure or a bianisotropic particle [17, 22] .
Next, we discuss the optical response of the chosen silicon nanoparticle, similar to those used in [5, 6] . A scanning electron microscope image of the particle is shown in Fig. 1 (h) . We run finite difference time-domain (FDTD) simulations using the same beam parameters and far-field collection geometry as in the experiment to investigate the spectral response of the silicon nano-sphere with core radius r Si = 84 nm, surrounded by a silicon-dioxide shell of estimated thickness δ = 4 nm, sitting on a glass substrate [see Fig. 1 (i) ]. The wavelength dependent scattering efficiencies, decomposed into contributions of E p and E s are depicted in Fig. 1 (j) as purple and green lines respectively. Looking at Eq. 2, we see that for the chosen geometry, the far field of an electric p z dipole is purely p-polarized, while for the magnetic m z dipole it is purely s-polarized. Also the magnetic quadrupole component which can be excited in our system features a purely spolarized far field [5] . Hence, we can associate the purple curve with the electric dipole and the stronger resonance of the green curve with the magnetic dipole. The second substantially weaker resonance of the green curve corresponds to the magnetic quadrupole. Since we want to excite a σ-dipole, the phase difference between the s-and p-polarized field components is of special interest for us. For that reason we plot the relative phase between E s and E p in Fig. 1 (k) , evaluated from the simulated data in the angular region below the critical angle. We see that in the range of 630 to 710 nm the relative phase depends strongly on the wavelength of the incoming beam. This provides a large tuning range of the excited dipolar mode. Also in this region the contribution of the magnetic quadrupole with its response peaking at 510 nm is completely negligible.
IV. IMPLEMENTATION
As a light source for our measurement, a super continuum laser source was utilized with an acousto-optical tunable filter to select the desired wavelength between 480 nm and 710 nm with a bandwidth of approximately 2 nm. The output of the filter is guided by a singlemode fiber, which provides a collimated, linearlypolarized Gaussian beam at the entrance of the main setup, shown in a simplified version in Fig. 2 [23] . In order to verify the generation of OAM by interferometric measurements, a beam splitter is used to split the incoming beam into two parts. The main beam is converted by a q-plate [24] of charge − (MO) with high numerical aperture (NA) of 0.9 is used for tightly focusing the beam onto a high-refractive-index silicon nano-sphere, placed on a glass substrate [25] . The glass substrate is mounted on a sample holder, attached to a 3D-piezo-stage allowing for precise positioning of the particle with respect to the beam. The collection of the transmitted and forward scattered light is realized by an oil-immersion-type MO with an NA of 1.3. The two microscope objectives form a confocal alignment, to provide a collimated output of the second MO. We utilize a rotatable broadband quarter-wave plate in combination with a fixed linear polarizer, which projects the light onto different polarization states in order to perform a full Stokes parameter measurement [26] . Thereafter, the beam passes a second beam-splitter, which can be used for phase measurements by overlapping the transmitted light with the reference beam. Finally, we image the back focal plane (BFP) of the lower MO onto the CCD camera. Because the collecting MO has a higher NA than the MO used for focusing of the beam, in the angular range defined by NA = [0.9, 1.3] no contribution of the excitation field itself is found, but only scattered light. This allows for investigating the type of the excited electromagnetic dipole. For the interference measurements, the linearly polarized reference beam was overlaped with the scattered light under a small angle.
V. EXPERIMENTAL RESULTS AND DISCUSSION
For the first measurement we investigated the spectral behavior of the average helicityσ = (W rhc − W lhc )/(W rhc + W lhc ) [27] , with W rhc and W lhc the integrated right-and left-handed circularly polarized intensities in the angular range defined by NA = [0.92, 1.28] . This corresponds to an average of the normalized Stokes parameter S 3 . The measurement results are shown as orange dots in Fig. 3 (a) . In addition, the corresponding curve retrieved from the aforementioned FDTD simulation is shown as an orange line. Numerical and experimental data are in good agreement. In Fig. 3 (b)-(d) , we display the experimentally measured far-field S 3 parameter for three selected wavelengths, where the measured average helicity is maximum, minimum and close to zero. In order to determine the excited dipolar mode, we fit the far-field Stokes parameters of the σ-dipoles, calculated with Eq. (2), to our measured data and use their complex amplitudes as free parameters. The theoretical far-fields obtained by this method are displayed as insets in Fig. 3 (b)-(d) . As an estimation for the quality of the fit, we compute the overlap integral of the fitted and the experimental electric fields which turns out to be above 96% for all three wavelengths. Adapting the formalism from [11] we calculate the chirality of the measured dipole moments:
The absolute squared dipole amplitudes, as well as the calculated field overlap and the chirality of the three dipolar modes are listed in Tab. I. Using this approach, we also determined the chirality for all measured wavelengths and show it in Fig. 3 (a) as gray circles, with a corresponding gray curve obtained by FDTD simulation. The shaded area indicates the spectral range below 530 nm, where the contribution of the magnetic quadrupole is not negligible anymore. This should be taken into account for a more precise evaluation of the chirality, where higher order multipoles are included in the analysis. Therefore, we consider the chirality to be accurate only above 530 nm. Our experimentally reconstructed dipole moments are not exclusively σ + or σ − . However our measurements show that we are able to excite a dipolar mode, which is strongly dominated by one or the other σ-dipole moment. In addition we see that within a spectral range of only 70 nm it is possible to tune the excited dipole between two modes of opposite dominating helicity (+ or -). The two modes of maximum chirality exhibit 88 % of σ − and 85 % of σ + for 640 nm and 710 nm, respectively.
As a last step to verify the excitation of σ-dipoles, we examine the conservation of angular momentum in our system. As already mentioned, our incoming beam is purely linearly polarized and hence, carries zero spin angular momentum (SAM). Furthermore, it features a planar phase front and therefore has also zero orbital angular momentum (OAM). Still, Fig. 3 (a)-(d) clearly indicate the generation of circularly polarized fields scattered in forward direction. For the purpose of angular momentum conservation in our cylindrically symmetric system [28] [29] [30] , the emitted light therefore must feature also OAM of the opposite sign, which should appear as a phase-vortex of ±2π in the scattered light. These phase vortices of charge ±1, together with the polarization resolved far-fields allow for an unambiguous identification of the σ-dipoles. The measured interference patterns for the left-and right-handed circular polarization components are shown in Fig. 3 (e) and (h). Counting the fringes in the upper and lower half of the images, we see that for lhc-polarization there is one additional fringe at the lower half and for rhc-polarization there is one additional fringe at the upper half, indicating opposite signs of OAM. A full phase reconstruction following the technique explained in [31] results in the measured phase distributions shown in Fig. 3 (f) and (i). The experimental phase images are in very good agreement with the theoretically calculated phase distributions [see Fig. 3 (g) and (j)]. In particular, they prove the generation of the two phase vortices of oposite signs indicating the excitation of σ-dipole moments.
VI. SUMMARY
We used structured illumination to excite σ-dipole moments in a spherical achiral dielectric nanoparticle. Furthermore, we verified these modes by measuring their far-field helicity and orbital angular momentum and investigated their spectral dependence. Hence, the interaction of the chosen tightly focused spiral polarization beam with an achiral nanoparticle (silicon nanosphere) placed on-axis in the focal plane allows for the excitation of σ-dipoles, resulting in the emission of structured light carrying both SAM and OAM. Our study highlights the importance of structured light in nanoscale light-matter interactions. Furthermore, it sheds new light on the definition of chiral dipoles known from 3D chiral nanostructures or molecules. For such chiral building-blocks, the geometry causes the excitation of a chiral dipole, whereas in our case it is the excitation field ruling the interaction. 
